OBJECTIVE: To investigate the effects of altered feeding frequencies on the relationship between perceived hunger and subsequent food intake and appetite control in obese men. DESIGN: Obese men reported in a fasted state in the morning to the laboratory where an isoenergetic pre-load (4100 AE 234 kJ, which was 33% average daily energy requirement (ADER) of each subject) comprising 70% carbohydrate, 15% protein, and 15% fat was given. This was administered either as a SINGLE meal, or divided evenly over 5 meals given hourly as a MULTI feeding pattern. Five hours after the ®rst pre-load, an ad libitum test meal was given to determine whether there was a difference in the amount of energy that was consumed between the two eating patterns. SUBJECTS: Seven non-diabetic, non-smoking, unrestrained obese men (age 37.4 AE 18.5; BMI 40.02 AE 10.93 kgam 72 ) were recruited for this study. Subjects were not told the precise reasons for this study but rather were informed that changes in blood glucose, insulin and free fatty acids with meal frequency were to be monitored. MEASUREMENTS: Blood glucose, serum insulin and free fatty acid (FFA) concentrations, and visual analogue scales (VAS) were measured prior to commencing the feeding regime and thereafter hourly for 5 h. Thereafter an adlibitum meal was given. The weight (and energy content) of the food consumed, and the time taken to eat lunch were recorded. Following this ad libitum lunch, the same variables were determined again (15, 45, and 75 min post-test meal). RESULTS: When given a SINGLE pre-load, 27% more (t 2.651; P`0.05) energy was consumed in the ad libitum test meal (5261 AE 1289 kJ) compared to that eaten after the MULTI pre-load (3763 AE 1986 kJ). This increase in food intake occurred despite no signi®cant change in subjective hunger ratings. Over the 315 min pre-load period, peak insulin concentrations were signi®cantly higher (F 6,72 7.95, P`0.01) on the SINGLE treatment (171.2 AE 129.8 mU ml 71 ) than on the MULTI treatment (133.7 AE 70.2 mU ml 71 ). Serum insulin remained elevated for longer on the MULTI meal treatment, resulting in no difference in the area under the insulin curves between the two feeding treatments. There was a positive correlation (r 0.87) between the amount of energy consumed at lunch and insulin concentration before lunch in the SINGLE group. However, this relationship was not apparent when subjects were given the MULTI meal preload. CONCLUSION: Obese males fed an isoenergetic pre-load sub-divided into a multi-meal plan consumed 27% less at a subsequent ad libitum test meal than did the same men when given the pre-load as a single meal. Prolonged but attenuated increases in serum insulin concentration on the multi-meal programme may facilitate this acute reduction in appetite.
Introduction
Excessive energy ingestion relative to energy requirements is considered to be the main reason behind obesity in normal populations. 1 Hyperphagia in the obese has been attributed for the disruption of the appetite ± satiety regulatory mechanism; 2 ± 4 the physiological mechanisms regulating appetite control, however, remain unclear. Satiety and hunger are in¯uenced by the quantity (energy content and density 1 ), and quality (macronutrient composition) of the diet, 1,3,5 ± 8,26 and may also be regulated by the periodicity of eating. 9, 10 Epidemiological studies have reported that smaller, more frequent, meals are associated with reduced body fat in humans. 11 ± 13 These investigations were based primarily on dietary reports on the parts of the respondees, and thus uncertainty surrounds the validity of this inverse relationship since the entire spectrum of responses to meal frequency has been previously reported: one study has sown that snacking contributes to the increased energy consumption in the obese state, 14 others have shown no relationship at all, 15, 16 and a third cohort report an inverse relationship between meal frequency and energy intake. 17, 18 These inconsistencies may be partially explained by reliance on the accurate reporting of foods eaten and the common ®nding that dietary under-reporting is rife in the obese population. 19 ± 21 If such an inverse relationship between number of meals and the incidence of obesity was valid, this would imply that those individuals who eat more frequently would be leaner than those who eat less frequently. Using the fundamental premise that obesity is based on appetite dysfunction, one may deduce that lean individuals enjoy a state of ideal energy regulation facilitated by the periodicity of their ingestive behaviour. A recent study from our laboratory showed as much: increasing the frequency of eating an isoenergetic pre-load resulted in a reduction in appetite at a subsequent test meal in lean males. 22 If altering the frequency of eating is able to improve appetite control in an obese population, the practicalities of such a phenomenon would allow an improved probability for those individuals who wish to lose weight on a restrictive dietary regimen. In light of the paucity of work on the periodicity of eating in relation to appetite control in the obese, the primary aim of this study was to determine a relationship between the effects of altered frequencies of feeding on subsequent energy consumption in an obese group of males were similar to those of lean men. 22 
Materials and methods

Subjects
Seven healthy, non-diabetic obese men were recruited from the general population by means of community advertisements to participate in this study, compared with eight lean males in an identical study performed previously 22 (Table 1) . Of the ®fteen obese respondents, eight men were either not comfortable with the venepuncture, or were unavailable on the days of testing, and consequently 53% were rejected. All subjects were screened for eating restraint via the Dutch Eating Questionnaire 23 which is aimed at three basic categories, viz external motivation to eat, emotional eating, and restrained eating patterns. The test was done`blindly', and only subjects who scored normal scores in all three categories were used (Table  1) . This study was approved by the Ethics Committee of the University of the Witwatersrand (clearance number: M960425), and informed consent was obtained from all volunteers.
Protocol
The men reported to the laboratory on one occasion when they were weighed, screened for eating restraint, and informed partially of the nature of the experiment. They were not informed that the study would examine appetite control, but merely that the effect of meal frequency on blood variables and perceived mood and hunger would be assessed. Body mass (accurate to 0.1 kg, Mettler TEaJ, Zurich, Switzerland) and height (accurate to 0.1 cm, SECA, Germany) were measured at the start of the experiment. The men were randomly divided into two treatment groups determining the order of their experimental meal treatment, such that meal treatment was randomised and all subjects received both meal treatments in a counterbalanced fashion.
On both meal regimes, subjects received 33.3% of their calculated average daily energy requirement (ADER) on the experimental pre-load. This was determined using the equation of Harris-Benedict 24 as follows:
where A is age (y), W is weight (kg), and H is height (cm). The ADER (in kcal) was multiplied by 4.18 for the conversion to kilojoules. The men reported to the laboratory in the fasted state at 0700 h, having been asked to complete their dinner meal the night before no later than 2200 h, and to restrict alcohol consumption for 24 h beforehand. The pre-load meal (Table 2) was either given as a single meal (SINGLE) or divided into 5 equal portions and given hourly over a ®ve-hour period (MULTI). The subjects were asked to consume the entire amount of food presented in the pre-load meal. The pre-load meal consisted of pasta and tomato sauce, ice cream and orange juice (Table  2) , and was made up according to each individual's ADER. The pre-load comprised 70% carbohydrate, 15% protein, and 15% fat.
Five-and-a-half hours after consuming the ®rst preload meal, a test meal (Table 3) was supplied ad libitum. The test meal was eaten in isolation, and subjects were informed to eat as much as they wanted for as long as they wanted. They were unaware that the quantity of food ingestion was being monitored in any way. The pre-load ± test meal paradigm has been criticised on the basis of cross-contamination 25 of foods given in a set sequence, and that certain foods given before another had different effects on the test meal. 26 In the current study, however, this was not the Appetite control and frequency of eating DP Speechly et al case as the food in the pre-load was all of the same composition.
Throughout the 5 h pre-load period, blood samples were collected and visual analogue scores (VAS) on appetite and hunger ratings were completed at hourly intervals. These same variables were collected and recorded at 30 min intervals for 75 min after completion of the ad libitum test meal.
Blood collection
Prior to starting each trial, an intravenous cannula was inserted into the antecubital vein for the drawing of blood samples: the cannula was kept patent by the constant infusion of 0.9% sodium chloride (normal saline) (Sabax, Johannesburg). In order not to interfere with thirst mechanisms, not more than 100 ml of saline was infused throughout the period on either trial. 5 ml of whole blood was drawn at each period and put into prepared tubes (plasma had potassium oxalate as a metabolic inhibitor, and serum had a normal clotting factor) and centrifuged at 5000 rpm for 20 min for plasma and serum collection. These samples were stored at 7 70 C until assayed. Plasma samples were assayed for blood glucose concentration using the Glucose (Hexokinase) method Cat. No. 0SR6121 (Sclavo Spa. Siena, Italy), Serum samples were assayed for insulin using the Coat-A-Count 1 method 91145 via the 125I radioimmunoassay (Diagnostic Products Corporation, Los Angeles, CA USA), and for non-esteri®ed fatty acids (NEFA) concentrations by extraction from serum as chloroform soluble copper salts, and the concentration determined photometrically (Lancet Laboratories, Johannesburg, South Africa).
Scores for satiety
Subjective satiety and hunger were assessed through means of three VAS scales that accounted for the degree of changes in the following factors: hunger, thoughts of the amount of food that could be eaten, and the urge to eat. 5 The VAS scales were all 100 mm in length, which were anchored at either extremity with terms indicating extremes. In analysis of the data, the mid-point of the 100 mm line (that is, 50 mm) was arbitrarily assigned the neutral line. 10, 27 The value determined in this manner was then converted into a percentage of the extreme being measured, and subsequently analysed as such.
Statistical methods
Changes in plasma glucose, serum NEFA and insulin over time, and changes in VAS ratings were statistically tested using the multiple analysis of variance (MANOVA) for repeated measures, and the Scheffe Á Test was used as an ad hoc test for differences between meals. The data on time taken to consume the ad libitum meal, the weights of food consumed, the amounts of energy consumed at that meal, and the areas under the respective insulin curves were compared using the paired t-test. Pearson's correlation analyses were used to determine the correlation between insulin and VAS scores completed immediately before lunch and energy intake during lunch (energy consumed was the dependent variable; insulin and VAS ratings were the independent variables). All statistical tests were conducted using the software package STATISTICA, (Statsoft, Tulsa, OK, USA).
In the text, tables, and graphs, data are presented as meansAE standard deviation (sd) of the mean. Data were considered statistically signi®cant at P`0.05.
Results
Food, energy and macronutrient intakes in test meal
When given a SINGLE pre-load, signi®cantly more (t 2.651; P`0.05) energy was consumed in the ad libitum test meal (5261AE 1289 kJ) than consumed in the ad libitum meal following the MULTI treatment (3763AE 1986 kJ) (Figure 1 Appetite control and frequency of eating DP Speechly et al were on the MULTI meal treatment, blood glucose increased to 1.1Â baseline, and remained unchanged at this elevated level for the duration of the pre-load period of 315 min. As such, statistical analyses revealed marked intergroup differences in glucose concentration over the experimental period (F 6,72 3.74, P`0.01) (Figure 2a , top, left).
Serum insulin responses. There was no difference between either group's baseline serum insulin concentrations on either of the trial days (SINGLE; 35.8AE 7.5 mU ml 71 vs MULTI; 36.2AE 9.0 mU ml 71 ). The frequency with which the pre-load was consumed affected serum insulin concentrations (F 6,72 7.95, P`0.01) (baseline to 315 min). However, post-hoc statistical testing could not reveal where the difference occurred (Figure 2b, middle, left) .
Fifteen minutes after completing the SINGLE preload, serum insulin concentrations rose to 5Â (P`0.05) that of its baseline level (166.6AE 54.0 mU ml 71 ). Insulin remained elevated (P`0.01) for a further 75 min (171.2AE 129.8 mU ml 71 ). Thereafter 5 h after consuming the SINGLE pre-load, insulin concentration had returned to baseline values. On the MULTI meal feeding pattern insulin levels rose slowly with each hourly pre-load until 195 min into the experiment where they peaked (137.5AE 85.1 mU ml
71
) and plateaued until immediately before the ad libitum meal at 315 min.
When the areas under the insulin curves for the two feeding treatments were compared over the 315 min pre-load period, no differences (P`0.05) were observed (19 484AE 9913 mU ml 71 315 min 71 vs 26 934AE 21 137 mU ml 71 315 min 71 , SINGLE vs MULTI respectively). This translates to a mean serum insulin concentration in the SINGLE group of 61.9 AE 31.4 mU ml 71 , compared to 85.5 AE 67.1 mU ml 71 in the MULTI group. There was a positive correlation between the amount of energy consumed at the ad libitum lunch and the insulin concentration immediately before the lunch in the SINGLE group (r 0.867, P`0.001), and although no such difference existed in the MULTI group, there was a tendency for a negative correlation between the insulin concentration and the energy consumed at the test meal in the MULTI group (r 0.7143, P b 0.071) (Figure 3 ).
Serum non-esteri®ed fatty acid responses. There were no differences between the groups' baseline serum NEFA concentrations on either of the trial days (0.87 AE 0.40 mmol l 71 vs 0.60 AE 0.28 mmol l 71 The trial is divided into two separate parts: ®rstly, the altered feeding pattern of the pre-load administration (left) where is the single pre-load, n are multiple pre-loads; and secondly, the effects of this altered feeding pattern on the consumption of a test meal (right) where is the ad libitum lunch meal.
Appetite control and frequency of eating DP Speechly et al SINGLE vs MULTI respectively). No differences (P b 0.05) in interaction of NEFA responses between the two feeding regimes over time were noted in either the 315 min pre-load period, or in the 75 min post ad libitum test meal period.
Visual Analogue Scales (VAS) for appetite ratings.
Baseline subjective hunger ratings, using three different statements on both experimental days, gave similar results. There were, however, signi®cant changes over the 315 min pre-load time period between the two feeding patterns (SINGLE vs MULTI) in all three cases used to determine subjective appetite scores. Subjective hunger ratings between the two groups ( Figure 4a ; top, left) showed a signi®cant difference (F 6,72 3.99, P`0.01), which was shown to occur 315 min into the trial immediately prior to eating the ad libitum meal (P`0.01), where the SINGLE group was more hungry ( 7 10.3 AE 69.8%) than those eating the MULTI meal pattern ( 7 86.4 AE 15.5%).
Post-lunch period
Blood glucose concentration. Changes in the blood glucose responses to the test meal were more pronounced following the SINGLE pre-load over the 75 min post-meal period (F 3,36 6 .64, P`0.01) (Figure 2d , top, right). Fifteen minutes after the ad libitum meal, following the SINGLE pre-load meal, blood glucose concentration was 1.4Â greater than immediately prior to the meal, and remained higher (P`0.01) than baseline for 75 min after completion of the meal. On the MULTI pre-load programme, 15 min after consumption of the ad libitum meal changes in blood glucose were markedly attenuated (1.2Â that immediately prior to the test meal) and had returned to baseline within 45 min of the test meal. Figure 3 Scatterplot of correlation between insulin concentration before test meal and the energy consumed at lunch, SINGLE meal treatment (top), and s MULTI meal treatment (bottom). *P`0.05 between SINGLE and MULTI treatments. Figure 4 (a) Changes in appetite ratings according to VAS data in hunger ratings (top), (b) changes in the amount each subject felt he could eat (middle) and (c) changes in the subjective urge to eat (bottom) over the full period of study on the two eating regimes (j SINGLE meal treatment; s MULTI meal treatment). The trial is divided into two separate parts: ®rstly, the altered feeding pattern of the pre-load administration (left) where m is the single pre-load, n are multiple pre-loads; and secondly, the effects of this altered feeding pattern on the consumption of a test meal (right) (d ± f) where is the ad libitum lunch meal. *,**P`0.05, and P`0.01 between-group (SINGLE vs MULTI) difference; and ##P`0.01 within-group difference from baseline.
Serum insulin concentration. Serum insulin concentrations increased immediately after the ad libitum
Appetite control and frequency of eating DP Speechly et al meal to similar levels with both treatment groups (Figure 2e, middle, right) . In the 75 min following completion of the test meal, the MULTI group's insulin concentrations declined to similar levels to those noted in the period before lunch. In contrast however, the SINGLE group's insulin concentration remained elevated (P`0.01) at both P45 (38.6 AE 8.8 mU ml 71 ) and at P75 (38.6 AE 8.8 mU ml 71 ) compared to pre-lunch values. The SINGLE group's area under the insulin concentration curve (7738AE 4441 mU ml 71 min 71 ) for the period immediately before consuming lunch to 75 min after completion of lunch was less (P`0.05; t 2.5) than that area under the MULTI group's curve (1907AE 3404 mU min 71 ml 71 ).
Visual analogue scores. As with the VAS ratings in the pre-load period, consuming the ad libitum meal had signi®cantly different effects on the two groups' subjective appetite scores 75 min after completing the test meal (hunger rating: (F 3,36 6.13, P`0.01); amount that could be eaten: (F 3,36 3.95, P`0.05); and the urge to eat: (F 3,36 3.33, P`0.05)). For all cases, the SINGLE group's ratings were lower (P`0.01) at all times after completion of the test meal compared to the rating immediately before eating the ad libitum meal. Conversely, there were no intra-group differences in the MULTI group's appetite scores.
Discussion
Data obtained in this study shows that when a group of obese males were fed an isoenergetic high carbohydrate per-load in a more frequent pattern, they consumed 27% less energy at the test meal ( Figure  1 ) and also exhibited smaller¯uctuations in blood glucose, insulin (Figure 2) , and perceived hunger (Figure 4 ) than when the pre-load was consumed in one sitting. Increased meal frequency thus induced a reduced appetite at the subsequent meal with concomitant reductions in perceived feelings of hunger. This response in an obese group of otherwise healthy men was similar to that previously reported in leaǹ normal' young men 22 (Table 4) . These ®ndings are contrary to what we had hypothesised, for we had speculated that dysfunctional appetite regulation was a characteristic of the obese, and that the periodicity of eating would have no appetite-regulating effect in this population group.
Most studies that have addressed appetite ± satiety mechanisms have focused speci®cally on lean individuals in their response to sweet, andaor high-fat foods 7, 8, 28, 29 as well as the effects of dietary ®bre on appetite. 30 While these studies performed in a population group that does indeed regulate appetite to maintain energy balance might con®rm the mechanism, studies employing an obese population cohort may better elucidate dysregulation. Recent reports show obese women are less sensitive to the satiating effects of bombesin (tetradecapeptide neurotransmitter that in¯uences gastric function) 31 than lean women are. Furthermore, in a 15 d study using a milk formula diet, obese subjects became increasingly hungry throughout the study whereas non-obese subjects did not. 32 Blundell 6 proposed that the satiety cascade operates as ef®ciently in obese people as in lean individuals: thus a normal appetite response to a reduced energy intake is evident in obese subjects. Similarly, the data in this study show no differences between lean and obese males when the variable under study is the periodicity of meals. Indeed, increasing feeding frequency appears to enhance appetite ± satiety control mechanisms in both lean 22 and obese males.
Our data support epidemiological studies, where an inverse relationship exists between the number of meals consumed in a day and the degree of adiposity. 11 ± 13,18 The epidemiological studies done thus far have been criticised for the large reliance on subjective ratings on the parts of the responders' lack of credible and accurate reporting of meal frequency and content. Dietary under-reporting may undermine the interpretation of these types of studies. 16, 19, 20 Furthermore, a number of studies report contradictory ®nd-ings with increased snacking resulting in increased energy consumption 14 while other studies report no relationship, be it positive or negative, between the periodicity of eating and obesity.
For the obese population group to reach BMIs in excess of 30 kg m 72 , energy intake must exceed energy requirements and clearly, therefore, appetite ± satiety mechanisms must be non-functional and it would appear that, in all likelihood, obese subjects do not eat in a regular frequent manner. Rather, they undergo cyclic starvation followed by ravenous gorging. During the latter activity, within which at any one meal, their satiating mechanistic regulation would then be over-ridden.
Visual analogue scales
The hunger ratings obtained from the visual analogue scales in this trial were ambiguous with no clear trend on the effects of meal frequency on perceived hunger. Evidence of this was apparent when assessing hunger ratings immediately prior to the ad libitum meal, Appetite control and frequency of eating DP Speechly et al suggesting that they were not at all hungry, yet both groups were able to consume more than 33.3% of ADER in the subsequent eating session. It is possible that the obese group could not truly perceive hunger, or that the subjective completion of the VAS scales rather re¯ect what they anticipate should be a correct andaor desired answer. In contrast, when lean subjects cited their hunger, the SINGLE group's hunger rating immediately before lunch was higher ( $ 60% of maximum), and the MULTI group rated their hunger just above the neutral line at $ 4%. 22 It must be noted that using the VAS rating system for hunger may not be ideal, 33 but the data obtained in the current study are useful in that the ratings given on the respective eating plans are relative to each other, and further indicate an element of accuracy toward the occurrence of intrinsic regulation.
Changes in blood variable concentrations with meal frequency
Marked differences in serum insulin concentrations were observed with both meal frequency and also between the lean 22 and obese population groups. Both lean and obese groups' serum insulin concentrations responded to increased meal frequency in a cumulative effect, and in the SINGLE pre-load exhibited a dramatic rise of 15 min after consuming the entire preload aliquot. Since the half-life of insulin is between 6 ± 10 min, and the energy content of the pre-load substantial, this response and the timeframe thereof would be expected.
A major difference between the lean and obese groups was observed from 15 ± 75 min after the SINGLE pre-load meal. In the current study, insulin concentration of the obese group continued to rise slightly (from 167 mU ml 71 to 171 mU ml
71
) whereas insulin concentrations of the lean group had peaked and dropped off fairly quickly (from 123 mU ml 71 to 44 mU ml
). 22 This reduced rate of insulin clearance in the obese group suggests a degree of hyperinsulinaemia in the obese population.
Hyperinsulinaemia in an obese group (compared to lean) may also be indicated by the signi®cantly higher fasting insulin values. 34, 35 Serum fasting insulin concentrations on the morning of both experiments were approximately three times greater than those measured in lean men under similar conditions. 22 These data are at variance with those previously reported; in a group of 35 obese non-diabetic adults (170 AE 13% of ideal weight), fasting insulin concentration had a mean of 22 AE 1 mU ml 71 . 34 Other features of hyperinsulinaemia include a possible exaggerated response to feeding and also a delayed response in returning to baseline values after ingestion of food. 36 ± 40 Faber 35 suggested the hyperinsulinaemia of obesity may be caused solely by hypersecretion of insulin from the b cells of the pancreas with the concomitant reduction of hepatic insulin extraction. 35 More research in this area is required.
When the obese group consumed ®ve smaller meals hourly, insulin concentrations increased continuously, albeit by smaller amounts, over the entire 315 min experimental pre-load period compared to the SINGLE meal protocol. In other words, the rate of secretion exceeded the rate of removal. This increase in insulin over time in our study is in direct contrast to the ®ndings of Ellis 41 who reportedly found 10 ± 30 g glucose doses given hourly with small doses of insulin, decreased insulin requirements in insulindependent diabetes mellitus. Differences between that 41 and this study might re¯ect the relatively high carbohydrate content of the diet in this study with concomitant cumulative effects on the insulin concentrations.
When the two feeding regimens of this study were compared over the 5 h experimental period, the areas under the curve show that similar amounts of insulin were secreted, yet the obese group given the MULTI frequency pre-load exhibited greater control of appetite in the ad libitum meal. It may be inferred therefore that the total amount of insulin that is secreted in response to the feeding pattern does not in¯uence eating behaviour, but rather it is the peak response or the timing in which the insulin is secreted that plays a role in appetite control. 27 It would appear from these data that increasing meal frequency results in prolonged elevated, but not maximal, insulin levels ( $ 130 mU ml 71 ) and that this acute elevation in serum insulin has a positive effect over appetite control. When the subjects were given a SINGLE pre-load meal followed by a 5 h fast, while initial serum concentrations of insulin were signi®cantly higher than those of the MULTI frequency pre-load, immediately prior to the test meal, insulin concentrations were higher on the MULTI frequency treatment. A negative correlation between serum insulin and food consumption was observed suggesting that insulin concentrations may play a pivotal role in energy consumption (Figure 3, bottom) .
Conclusion
We have shown an inverse relationship between the number of meals and the amount consumed at a subsequent test meal: when obese males eat smaller quantities more regularly, they exhibit reduced appetite in the short-term. This ®nding concurs with the Appetite control and frequency of eating DP Speechly et al majority of epidemiological studies 11 ± 13,18,42,43 although subjective meal de®nitions and reporting limit the true value of these studies. In this current study,¯uctuations in serum insulin are implicated in the regulation of appetite, where the maintenance of serum insulin slightly above basal levels (that is, acute absorptive metabolic state) may be a contributing factor in enhancing appetite control. Furthermore, these data suggest a similar mechanism in the regulation of appetite in both lean and obese via altered patterns of meal frequency. Finally, increased meal frequency reduced appetite in the short term.
